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INTRODUCTION 


It  is  a  well-known  fact  that  nearly  all  fatigue  and  stress  corrosion  failures  originate  at  the 
surface  of  a  part,  and  that  cracks  do  not  propagate  into  a  compressed  layer  of  a  component. 
Autofrettage,  shot  peen,  and  shrink  fit  are  common  processes  to  induce  compressive  stresses  near 
the  bore  surface  of  a  cylinder.  In  the  manufacturing  of  high  pressure  vessel  systems,  steel 
cylinders  made  from  ASl’M  A723  alloys  are  rotary  forged,  heat  hardened  through  austenizing 
and  quenching  processes,  tempered  to  improve  toughness,  rough  and  fine  machined,  swage 
autofrettaged,  beam  straightened,  and  thermally  soaked  to  obtain  desirable  residual  stress 
distributions. 

Excellent  earlier  developmental  work  for  hydraulic  and  mechanical  swage  autofrettage 
manufacturing  processes  were  reported  (refs  1,2).  The  hydraulic  autofrettage  process  was  slow, 
expensive,  and  dangerous.  High  pressures  close  to  failure  in  the  range  of  1000  to  2000  mpa  were 
necessary.  By  driving  a  mandrel  through  the  cylinder,  the  swage  process  eliminated  the  necessity 
of  ultrahigh  pressures  required  in  the  conventional  hydraulic  method  to  produce  the  same  radial 
forces  and  plastic  deformation.  Davidson  and  Kendall  further  reported  results  of  residual  stress 
investigation  in  swaged  cylinders  by  Sack’s  boring  out  m  fhod  (ref  3).  Clark  observed  variations 
in  hoop  residual  stresses  for  a  large  caliber  gun  barrel  forging  (ref  4).  Parker  et  al.  studied  the 
fatigue  crack  growth  and  safe  design  of  gun  tubes  (ref  5).  Results  from  our  x-ray  diffraction  and 
finite  clement  modeling  investigation  of  an  eccentric  cylinder  were  reported  (refs  6,7).  Interest 
in  the  Bauschingcr  effect  in  thick-wallcd  cylinders  is  obvious  (8-11),  since  there  is  little 
experimental  data  available. 

With  the  recent  development  of  position-sensitive  x-ray  diffraction  instrumentation,  fast 
and  reliable  stress  measurements  arc  possible.  The  present  work  characterized  residual  stress 
distribution  in  a  symmetric  pre-pressurized  partially  plastic  thick-walled  cylinder  by  swage 
autofrettage.  Comparison  of  the  present  theoretical  calculation  with  our  previous  data  for  an 
eccentric  cylinder  of  the  same  dimension  was  made.  Measurements  were  made  using  both  a 
position-sensitive  single-exposure  scintillation  detection  (PSSD)  system  and  a  position-sensitive 
multiple-exposure  proportional  counter  stress  analyzer.  Angular  stress  distribution  measurements 
around  the  bore  indicated  that  non-axisymmetric  deformation  had  ixxurred  during  yielding  of  a 
symmetric  cylinder. 

Theoretical  residual  stress  predictions  were  made  assuming  a  classical  model  of  a 
symmetric  cylinder  under  internal  pressure.  An  iterative  Lotus  Works  spreadsheet  residual  stress 
program  based  on  Parkci's  model  (ref  5)  was  designed  and  implemented  on  an  IBM  PC. 

Excellent  agreement  was  found  between  experimental  and  theoretical  results,  including  the 
Bauschingcr  effect  near  the  bore.  The  Bauschingcr  factor  is  defined  as  the  ratio  of  yield  strength 
in  compression  to  yield  strength  in  tension.  It  can  be  described  as  a  lowering  of  the  elastic  limit 
in  compression  subsequent  to  a  previous  stressing  in  tension  beyond  the  elastic  limit.  Conversely. 
;he  elastic  limit  in  tension  would  be  reduced  for  a  material  strained  beyond  the  elastic  limit  in 
compression  (ref  11).  A  qualitative  comparison  of  our  experimental  data  for  the  74  percent 
overstrained  tube  with  model  calculations  indicated  that  the  Bauschingcr  factor  for  the  A723 
steel  was  close  to  0.5. 
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SPECIMEN  PREPARATION 


In  the  swage  process,  the  cylinder  was  subjected  to  plastic  deformation  by  pushing  an 
oversized  mandrel  through  the  bore  under  high  pressure  grease.  Material  constant,  geometry  of 
the  ram,  mandrel,  and  cylinder,  and  the  shape  and  interference  of  the  carbide  tool  determine  the 
amount  of  plastic  deformation  under  load.  The  thick-wailed  cylinder  investigated  was  74  percent 
overstrained  with  an  OD  to  ID  ratio  of  2.75.  Slices  of  the  tube  3.79  cm  (1.5  in.)  thick  were  cut 
from  the  cylinder,  machine  polished,  and  then  electropolished.  Electropolishing  of  the  entire 
cross  section  of  the  ring  was  done  by  using  a  heated  polishing  solution  of  50  percent  sulfuric  and 
50  percent  phosphoric  acid  mixture  with  no  external  agitation  device.  It  took  approximately  one 
hour  to  remove  0.13  mm  (5  mils)  from  the  surface  of  the  ring.  Surface  material  removal  was 
made  so  that  the  effects  due  to  sanding,  machining,  and  oxidation  would  not  influence  the 
residual  stress  measurements. 


EXPERIMENTAL  METHOD 

Experimental  analyses  were  made  using  both  a  prototype  PSSD  system  from  Denver 
X-Ray  Instruments,  and  a  position-sensitive  multiple-exposure  proportional  counter  stress 
analyzer  from  Technology  for  Energy  Corp  (TEC).  Experimental  methods  and  calibration  of  the 
Denver  stress  analyzer  have  been  described  in  another  report  (ref  12).  The  K-a  from  a 
chromium  x-ray  tube  reflects  from  the  211  plane  of  the  body -eente red-cubic  (BCC)  steel  at  20 
equal  to  156.41  degrees.  The  fast  single -exposure  method  was  used  in  the  radial  stress 
distribution  analysis;  the  accurate  multiple-exposure  method  was  used  to  analyze  hwp  and  radial 
angular  stress  distribution  around  the  bore. 

The  choice  of  zero  degree  for  a  normal  cylinder  was  arbitrary.  The  surface  was  marked 
into  32  equal  area  pie  slices  at  an  1 1.25-degree  span  each.  For  stress  distribution  determination 
analysis,  a  specimen  stage  with  an  x-  and  y-micrometcr  slide  was  used.  Angular  stress  variation 
measurements  were  made  by  manually  rotating,  and  positioning  the  specimen.  Symphony,  lartus 
Works,  and  Freelance  software  were  used  for  data  analysis  and  graphics. 


X-RAY  DIFFRACTION  HOOP  STRESS  RADIAL  DISTRIBUTION  ANALYSIS 

In  Figure  1,  the  x-ray  diffraction  experimental  hwp  residual  stress  radial  distributions 
along  radii  at  0.  90,  IHO,  and  270  degrees  for  a  symmetrie  swaged  cylinder  are  displayed. 
Experimental  x  ray  diffraction  results  for  the  swaged  cylinders  exhibited  aimpressivc  residual 
stresses  near  the  ^rc;  the  strcs.scs  gradually  changed  to  tensile  stresses  near  the  outside  surface 
of  the  cylinder.  Closest  to  the  bore,  reduced  atmpressive  stresses  were  observed  in  all 
measurements.  The  solid  curve  in  the  figure  represents  the  average  stress  from  0.  90,  180.  and 
2.70  degree  stress  measurements  in  the  symmetric  cylinder. 
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X-RAY  DIFFRACTION  ANGULAR  STRESS  DISTRIBUTION 


In  Figure  2,  hoop  and  radial  stresses  at  the  ID  and  OD  of  a  symmetric  swaged  cylinder  at 
various  angular  positions  are  plotted.  Angular  stress  data  showed  a  peak  of  reduced  compressive 
stress  around  a  random  290  degree  plot.  The  data  are  in  good  agreement  with  Figure  1,  where 
the  270  degree  plot  has  less  compressive  stress  near  the  bore.  Hoop  and  radial  stresses  at  the  ID 
and  OD  of  an  eccentric  cylinder  with  an  0.1 -inch  wall  thickness  variation  measured  on  a  TEC 
position-sensitive  multiple-exposure  stress  analyzer  have  been  reported  (refs  6,7).  A  peak  of 
reduced  compressive  stress  was  observed  around  180  degrees,  which  was  the  thinnest  part  of  the 
eccentric  cylinder.  It  is  surprising  to  find  non-uniform  stress  distribution  in  both  a  symmetric  and 
an  eccentric  cylinder.  Possible  causes  for  this  non-axisymmetric  yielding  are  variations  in 
material  properties,  non-uniform  heat  treatment  procedure,  eccentricity,  tribological  problems, 
non-axisymmetric  processing,  unknown  effects  during  manufacturing,  or  a  combination  of  these 
factors.  Another  observation  is  that  the  radial  stresses  at  the  ID  and  OD  are  near  zero  for  the 
symmetric  cylinder,  as  expected  from  Tresca's  theoretical  predictions  shown  in  the  next  section. 
OD  radial  stresses  for  the  eccentric  cylinder  peaked  around  0  degree,  which  is  the  thickest  part 
of  the  cylinder. 


CLASSICAL  ELASTIC-PLASTIC  DEFORMATION  MODEL  CALCUXATIONS 

In  the  autofrettage  process  due  to  internal  loading,  the  bore  is  plastically  enlarged,  and 
the  outer  portion  of  the  steel  cylinder  is  elastically  enlarged.  As  the  internal  pressure  p  is 
released,  the  outer  portion  contraas  elastically  to  its  original  dimension;  steel  nearer  the  bore 
resists  this  action,  lliis  results  in  compressive  hoop  residual  stresses  near  the  bore  that  changes 
to  tensile  stress  near  the  outer  surface.  However,  closest  to  the  bore,  the  Baaschingcr  effect 
causes  reversed  plasticity  and  reduces  the  compressive  stresses. 

To  obtain  theoretical  stress  predictions,  a  fast  and  versatile  iterative  Lotus  Works 
spreadsheet  program  was  designed  and  implemented  on  an  IBM  PC.  Assuming  a  thick-walled 
cylinder  overstrained  by  direct  internal  pressure,  our  analysis  was  based  on  Parker  s  solution  to 
the  classical  clastic-plastic  deformation  problem  using  Lamp’s  equations.  Tresca's  yield  criteria, 
and  reverse  yielding  (ref  5).  Figure  3  is  a  stress-strain  curve  used  in  the  analysis  that  assumed  an 
elastic-perfectly  plastic  behavior  during  loading,  and  reduced  yield  stress  during  unloading.  The 
Bauschinger  factor  is  given  by  a.  Figure  4  is  a  cross-sectional  display  of  a  pre-pressurized 
autofrettaged  cylinder  after  internal  pressure  has  been  removed,  showing  regions  of  ela.sticity, 
elastic-plastic  interface,  and  reversed  plasticity.  The  inside  radius  is  a,  the  outside  radius  is  b,  the 
elastic-plastic  interface  radius  is  c.  and  the  reversed  plasti  ity  radius  is  d.  Table  1  gives  the 
equations  used  in  the  model.  In  Figure  5,  predicted  res^  lal  stress  distributions  are  given  for 
Bauschinger  factor  a  equal  to  0.25,  0.5,  and  0.75.  The  calculation  assumed  a  yield  stress  of  162 
Ksi. 
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Table  1.  Theoretical  Residual  Stresses  Including 
Effect  of  Reverse  Yielding  (ref  5) 


Variable  radius-  r  Elastic-plastic  interfaces-  c,d 

Inside  radius-  a  Interface  pressure  at  c-  p* 

Outside  radius-  b  Interface  pressure  at  d-  p 

Yield  strength-  Y 

Bauschinger  factor-  o 

Hoop  stress-  °q 

Radial  stress- 

Region  of  reverse  plasticity/  a  <  r  <  d 


Og  *  -oY  (1  ♦  in  (r/a)) 
0^  «  -«Y  in  (r/a) 
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COMPARISON  OF  EXPERIMENTAL  STRESSES  WITH  CALCULATIONS 


In  Figure  6,  experimental  residual  stress  distributions  for  a  symmetric  cylinder  displayed 
as  data  points  are  compared  with  theoretical  stresses  for  a  equal  to  0.5  displayed  as  solid 
curves.  Excellent  agreement  was  observed,  indicating  that  the  Bauschinger  factor  for  A723  steel 
was  close  to  0.5.  The  deviations  between  experimental  and  calculated  results  were  the  largest  at 
270  degrees  because  of  the  non-uniform  stress  distribution  in  this  region.  A  qualitative 
comparison  of  the  present  experimental  results  with  Chen's  numerical  residual  stresses  including 
Bauschinger  and  strain-hardening  effects  upon  unloading  (ref  10)  indicated  that  the  strain¬ 
hardening  factor  m’  was  near  0,  and  the  Bauschinger  factor  a  was  betw'een  0.4  and  1.0.  As 
shown  in  Figure  7,  Milligan  determined  that  for  martensite  structure,  the  Bauschinger  factor  for 
permanent  tensile  overstrain  over  2  percent  is  approximately  0.35.  This  is  in  fair  agreement  with 
our  determination  of  a  =  0.5. 

In  Figure  8,  theoretical  stresses  for  a  equal  to  0.5  represented  in  solid  lines  are  compared 
with  our  previous  residual  stress  measurements  of  an  eccentric  cylinder  plotted  as  data  points. 
Again,  excellent  agreement  was  observed  between  experimental  and  theoretical  hoop  and  radial 
stresses.  The  large  deviations  at  180  degrees,  where  the  cylinder  was  the  thinnest,  may  be  due  to 
material  property  variations,  eccentricity,  or  other  factors. 

Since  residual  stresses  must  form  a  balanced  force  system  within  the  object,  a  slight  shift 
of  the  experimental  stress  distribution  curves  would  render  better  agreement  with  calculations. 
This  could  be  experimentally  accounted  for  by  zero  powder  stress  corrections  to  the  experimental 
results.  Moreover,  the  difference  in  the  nature  of  the  induced  stress  conditions  by  the  swage 
process  as  compared  to  the  internal  pressurization  method  should  result  in  some  differences  in 
the  stress  distributions. 


CONCLUSIONS 


Stress  analysis  of  swaged  components  provides  guidance  to  the  pressure  vessel  system’s 
design.  This  is  because  controlled  stress  distribution  improves  the  system’s  performance  and 
fatigue  life  of  the  component.  In  this  work,  position-sensitive  x-ray  diffraction  techniques  were 
applied  to  characterize  residual  stresses  in  pre-pressurized  thick-walled  swaged  autofrettaged 
cylinders.  Excellent  agreement  was  obtained  with  theoretical  predictions  obtained  by  assuming  a 
classical  elastic-plastic  deformation  model  including  reverse  yielding  effect.  For  the  74  percent 
overstrained  cylinder,  qualitative  comparison  of  our  experimental  results  with  theoretical 
calculations  determined  that  the  Bauschinger  factor  for  the  A723  steel  was  0.5.  The  non-uniform 
bore  stress  distribution  around  the  random  290  degrees  should  be  further  investigated  for 
manufacturing  quality  control  purposes.  Suggested  future  invesligaiions  iticlude  an  improved 
finite  element  swage  model,  an  analytical  elastic-plastic  deformation  swage  model,  and 
experimental  investigations  in  residual  stress,  strain  attenuation,  hardness,  and  phase 
transformation  in  the  entire  cylinder. 
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8  Radlus=  2.24”,  Outside  Radius=  6”,  Yield  Stress=  162  KSI 


residual  stress  distribution  in  a  symmetric  cylinder. 


Inside  Radlus=  2.24",  Outside  Radius^  6",  No  Wall  Variation 
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Figure  2.  Residual  stress  angular  variation  in  a  symmetric  cylinder. 


ELASTIC-PERFECTLY  PLASTIC: 


BAUSCHINGER  EFFECT: 


YIELD  STRESS  IN  TENSION  EQUALS  REDUCED  YIELD  STRESS  IN  COMPRESSION. 

YIELD  STRESS  IN  COMPRESSION.  BAUSCHINGER  FACTOR  DEFINED  AS  ALPHA. 


Figure  3.  Theoretical  stress-strain  curve  for  A723  steel. 


Residual  Stress  (ksl) 


Overstrain=  74%,  Yield  Streee=  162  K»l 


Radial  Distance  (inch) 


D  Hoop,  Alpha=  0.25 
Hoop,  Alpha=  0.50 
X  Hoop,  Alpha=  0.75 


+  Radial,  Alpha=  0.25 
Radial,  Alpha=  0.50 
V  Radial,  Alpha=  0.75 


Figure  5.  Classical  theoretical  hoop  and  radial  stress  distribution. 
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Radius=  2.24“,  Outside  Radlus=  6",  74%  Overstrain 


I.  Experimental  and  classical  defonnation  model  stresses 
including  reverse  yielding  in  a  symmetric  cylinder. 


ISr  VH  PIRCKNT  TB1I51LG  OVGRSTRAJII 
VJIKXOU8  8TRUCTUM6 


Figure  7.  Bauschinger  effect  factor  (BEF)  versus  percent  tensile  overstrain  (ref  11). 


Inside  RadlU8=  %  Outside  Radius^  6",  74%  Overstrain 


Figure  8.  Experimental  and  classical  deformation  model  stresses 
including  reverse  yielding  in  an  eccentric  cylinder. 
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